Thermocouple and RTD technology is the workhorse of the temperature measurement industry. It has been refined and extended to cover a broad range of temperature measurement needs. However, it is well documented that these measurement devices experience "drift" or de-calibration while in service. For various reasons the sensor output can "drift" away from representing the true temperature. The magnitude of the drift depends on sensor type, construction, installation and process conditions, but it is well established, though not widely advertised, that these sensors are subject to drift. The real problem is that there has been no way to tell when drift begins to occur or to determine its magnitude, or even its direction. Now, Dynamically Self-Validating Sensors have been invented that eliminate unreliable readings and warn in advance of the onset of drift. In this paper, the technology of Self-Validating Sensors is explained and data is provided showing the performance of a Self-Validating sensor.
INTRODUCTION
Temperature is one of the most important variables measured in industry. Frequently temperature measurements are critical to the output of the process. Throughput or capacity, quality, yield, energy efficiency, emissions, etc. often depend on reliable temperature measurements.
In practice we never really measure temperaturedirectly that is. Instead the sensors we employ generate some signal that depends on their temperature. The most common of these is voltage produced by a thermocouple when a temperature gradient exists along its length. Also common is the measurement of the resistance of a material that varies with the temperature it experiences as in the case of RTD's. It would be nice if these signals all had a linear relationship with temperature, but for the most part they do not. Therefore we employ signal conditioners that take the measured signal and convert it into an estimate of the temperature we are trying to determine.
Several types of thermocouples and RTD's have been developed that cover a wide range of temperatures and provide different degrees of reliability and accuracy. We have become very good at correlating the voltage output or resistance change of thermocouple and RTD designs with temperature using carefully formulated standard materials and sophisticated polynomial relationships imbedded in the signal conditioners.
However, it is well known and accepted that the sensors themselves are subject to change or decalibration when placed in service. This is sometimes called "drift". While some causes of "drift" or decalibration have been identified and are somewhat predictable -like the positive shift of type K or E thermocouples after reaching a certain temperaturemost are not. In fact all known attempts to predict the onset, magnitude and even direction of "drift" in thermocouples have been unsuccessful. Figure 1 . reports data from Oak Ridge National Labs (1) illustrating drift of various types of 
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x thermocouples under conditions of stress. Dr. Richard Anderson and his colleagues worked with many different sensor designs conducting landmark experiments that have helped sensor designers to reduce the effects of de-calibration. The sensors in this particular test are Type K's and Type N's in Inconel 600 and 316SS Sheaths held at 1200 C. The spikes in the curves are the result of in place in-homogeneity testing where the tips of the sensors are held at constant temperature while the temperature gradient is temporarily shifted along the length of the sensor and then returned to it's original position. Dr. Anderson and his colleagues concluded that all thermocouples can begin drifting, anytime after being placed in service, and the direction and magnitude of the drift depends on many factors and cannot be quantified or predicted.
IMPORTANCE OF THERMOCOUPLES AND RTD'S AND A NEW PARADIGM
Industrial process sensors, such as pressure, flow, mass and temperature, tell the process control center, the operator or automated process controller if the process is operating as designed, the health of the equipment, the condition of the emissions and most importantly is he holding the "sweet spot".
There are many examples where sensors providing misleading information have lead to costly misfortunes -explosions, fires, releases and the like. For example, if the control room superintendent at Three Mile Island had believed his "other" temperature readout instead of the one he chose to believe, he would have selected a different course of action and reduced or eliminated damage to the number 2 reactor and the resulting costly exposure and cleanup. Misleading sensors don't always result in catastrophes, but inaccurate sensor data causes process inefficiencies costing industry millions if not billions of dollars every year in less than optimum performance.
Further advancements in sophisticated model based control and progress toward "lights out plant management" will require highly reliable sensor data as companies try to squeeze the most out of their investment with the fewest people and operate as close to equipment constraints as possible. We have had to live with and compensate for the uncertainties of sensors for so long that many people consider it a way of life that cannot be improved upon. Sensors that are truly Self-Validating will issue in a new paradigm.
STRENGTHS AND WEAKNESSES OF THERMOCOUPLES AND RTD'S
Current thermocouple technology has a wellpromoted set of strengths. Thermocouples are rugged, have a wide range of configurations, wide temperature ranges and they are relatively inexpensive. Major advancements have been made in signal conditioners used to process the measurements into an estimate of the temperature. However, current thermocouple technology has a not-so-well promoted set of problems. One problem is installation errors. If care is not taken with hookups, connections, insertion depths and eliminating outside interferences, significant errors can be unknowingly introduced into the system that can go undetected. Even diligent users who periodically check calibrations can be fooled by stem effects, insertion depths and other installation issues (2) . Another major problem is gradual de-calibration of the sensor elements at unknown time, rate and direction. The uncertainties surrounding de-calibration cannot be quantified or removed by even the most sophisticated signal conditioning units and smart transmitters that are available for conventional sensors.
RTD's are promoted to have very high accuracies in the ranges in which they are employed but they are also subject to de-calibration. While the causes of decalibration of RTD's are different, they too are unpredictable and cannot be detected except by gross comparisons and reasonableness checks vs. other sensors. The range of temperatures in which RTD's can be used is also more restricted than thermocouples.
THE NEXT GENERATION OF SENSORS
In a 1998 survey of industry process control specialists and managers (4) the two most important improvements being looked for in the next generation of temperature sensors were:
"Get rid of the drifting signals while the probe is in service". "Give me longer useful sensor life".
Since that time various experts have begun predicting that one day smart sensors would become available that would be capable of checking up on themselves. Progress has been made on these objectives by working two parallel objectives.
Objective 1: Develop means to enhance the stability and life of existing thermocouples.
This has led to the development of a new mineral insulation material for thermocouples and RTD's that in some tests has demonstrated 3-4 times the life and greater signal stability in thermocouple sensors vs. those made with Magnesium Oxide (MgO). This new Mineral Insulation material was discussed in a paper presented at ISA in San Diego earlier this year (5).
Objective 2: Devise a credible calibration reference and implant it inside a sensor probe that is capable of providing continuous calibration while the probe is in service.
This has led to the development of the Self-Validating Sensor.
SELF-VALIDATION
Over the years a great number of improvements in thermocouple and RTD technology have been made with the goal of improving the reliability and stability of the measurements. Materials have been improved and strict standards have been developed for performance of certain types of materials and also for the construction of sensors. Advances in electronics have led to better signal conditioners that can even check themselves to be sure they are operating properly. Despite these refinements, we have not been able to reliably predict the behavior or performance of sensors when in service -especially when they are used under conditions that stress the materials.
The challenge then was how to construct a sensor so that the performance and health of its internal components could be monitored continuously while in service. Self-Validation, then, is the ability to measure the process variable, in this case temperature, with a high degree of confidence and at the same time monitor whether the components producing the signal representing that variable are stable or are showing signs of impairment. This may be called Self-Calibrating or Self-Correcting or Self-Diagnosing but we have termed it Dynamically Self-Validating, or simply a Self-Validating Sensor.
SELF-VALIDATING SENSOR
Like many inventions, the Self-Validating Sensor has evolved from a set of known technologies combined in a new way.
Thermocouples derive a temperature measurement using Tom Seebeck's observation many years ago that when two dissimilar electrically conductive materials are joined at one end and that end is maintained at a different temperature than the open end, a voltage or emf is generated across the open end. Further Seebeck observed that that voltage could be reproducibly correlated with the magnitude of the difference in temperatures of the two ends. We now know that the emf is not generated at the junction of the two materials, but rather along the length of the two materials as the temperature changes from one end to the other. This makes it very important to have materials that have a consistent composition from one end to the other so that the same signal is generated regardless of where the temperature gradient is positioned. A lot of study has been done recent years on the effects of in-homogeneities in the materials.
The primary mechanism for thermocouple decalibration is in-homogeneity caused by a change in composition of the wires. This is frequently due to migration of impurities within the sensor from wire to wire or sheath to wire or impurities left in the mineral insulation separating the wires from one another. Changes in composition cause changes in the emf signal generated and adversely affect the estimate of the temperature. We know from Anderson's work (1) cited earlier that indeed all thermocouples can drift when placed in service. We know also that thermocouples made with different materials will drift in different ways. In fact, the probability of two thermocouples of different types in the same service drifting in exactly the same way at the same time in the same direction is very remote. As it turns out this problem can be very useful to us.
The mechanisms for RTD impairment are quite different. The measured variable in an RTD is resistance -usually of a long length of wire coiled up in the tip of the sensor -which is correlated with the temperature of the tip. Here the temperature profile along the wires connected to the coil at the tip has a minor effect on the resistance and can in fact be eliminated by using extra wires and measuring and eliminating the small effects. The correlation of the resistance of a material and temperature is often more linear and easier to use in accurately estimating the temperature. RTD's with very high initial accuracies can be made and they can be quite stable if treated nicely. However, RTD's can become impaired as well. For example, if current leakage occurs across the leads errors in the resistance measurement will occur. This is primarily what limits the temperature at which they can be used. Relative to thermocouples, RTD's are somewhat slower in response and also somewhat fragile and therefore susceptible to impairment from damage due to vibration.
The Self-Validating Sensor (3) combines these two technologies, taking advantage of the strengths and weaknesses of each. Figure 2 , taken from the original patent, shows that there are really two parts to the system -a sensor probe and a signal conditioner with special capability to diagnose the sensor. Schematic (FIG. 3) and Signal Conditioner (FIG. 4) 
Figure 2. Patent diagram showing Sensor
THE SVS SENSOR PROBE
The first component of this new technology is the uniquely designed SVS probe. Externally the SVS probe looks and feels like a thermocouple or RTD and can be a direct replacement in most processes. It is constructed using similar techniques. It is rugged and robust. In metal sheaths it bends, welds and configures just like a typical thermocouple. However, imbedded in the tip of the SVS probe is a specially designed Calibration Reference Matrix (CRM). The CRM provides the information needed to both develop an accurate temperature estimate and continuously monitor the health of the probe while in service. Figure 3 depicts the sensor Calibration Reference Matrix (CRM) in the tip of the probe. The primary sensor is actually a part of the CRM. The CRM is a combination of thermally sensitive materials or thermo-elements chosen so that they can generate multiple independent signals representing the temperature at the tip of the probe and also provide monitoring of the condition of each element. Multiple conductors, as in the case of an RTD, are used to access these signals. Measurement of a thermoelectric property of one pair of materials such as a voltage or impedance is said to be one channel of data. A typical SVS probe can generate 15 or more different channels of temperature and health data. Only 3 or 4 independent channels are actually needed for some degree of Self-Validation and health monitoring, but in a typical SVS Probe 6 to 12 channels are used. Using a larger number of independent channels to develop the temperature estimate improves the accuracy of the estimate and the life of the probe.
Figure 3. SVS Probe Tip
Each measured signal from a pair of materials is calibrated across the entire temperature range of interest and correlated using up to 9 th order polynomials like those normally used for thermocouples and RTD's. However, each combination or pair of materials is also characterized or "foot printed" across the temperature range using more than one of its electrical properties, such as voltage and an impedance measurement. During calibration, the relationships of these signals to one another for each combination of materials and to the signals from other combinations at any given temperature are captured. This is saved as a configuration file for the particular sensor and is stored in the memory of the signal conditioner electronics. After being placed in service, if the relationships of these properties remain the same as the day the probe was calibrated, its performance will be the same as the day it was calibrated. Any change in the relationships of these properties indicates a change from its calibration day condition. When the relationships of these properties begin to change the onset of decalibration has been detected. That is, one or more of the elements of the sensor probe are beginning to show signs of de-calibration. The bottom line is that no element in the sensor can de-calibrate nor signal degrade without detection.
In practice, as long as the changes are minor and within selected tolerances of accuracy the confidence level in the measurement remains very high. When decalibration first occurs, it is possible to tell which of the elements is showing signs of impairment because each of the elements is being monitored in combination with multiple other elements. Those signals generated by the combinations which include that particular element will begin to deviate from their initial "foot prints" and from the established relationships with other signals. It is then possible to either de-weight the contribution of signals using that element or eliminate it altogether while continuing to generate the temperature estimate with the remaining healthy elements. Statistically the confidence in the estimate of the temperature has then been reduced but can still be very high depending on the design of the probe and the particular remaining healthy elements. More importantly, the operator can be warned of the onset of de-calibration while the probe is still yielding reliable readings.
THE SVS TRANSMITTER
Signal measurement, multiplexing and conditioning are done in the Self-Validating Sensor (SVS) Transmitter/Signal Conditioner. 
SENSOR HEALTH
Diagnostics performed by the transmitter produce the report of Sensor condition or "Health". Sensor health will be no doubt be defined and displayed in many clever ways in the future as Self-Validating Sensors become more commonplace. Elegant statistical and mathematical analysis is possible. Experience has shown that the normal user does not want a lot of statistical information but is only concerned if the reported temperature is reliable within certain limits and when or if he needs to consider changing out the probe. Therefore, to quantify and report the "Health" condition of a sensor, a statistically based calculation similar to a "95% Confidence Interval" was developed and translated into an overall scalar value representing the level of confidence in the measurement and it's "Health". Tolerance bands around each individual signal measurement and around the overall confidence level can be chosen that give the user appropriate advance warning of when to consider changing out the probe. Health is communicated using three colors. An un-impaired sensor is said to be in the "Green" or like new health condition. When the on-set of decalibration has been detected, the health indicator is changed to a "Yellow" or cautionary condition. The confidence level in the measurement will still be very high and confidence interval still small, however something inside the sensor has shown sufficient signs of impairment to become concerned. A "Red" condition indicates significant impairment and the sensor should be replaced as soon as possible.
Actually other impairment of the signals being measured by the SVS validation electronics will also be detected. For example, a corroding or loose connection or electrical noise picked up by the system that cannot be filtered out. Anything that degrades the signals and changes their relationships to one another outside the prescribed tolerances will be picked up by the validation electronics and be reflected in its "Health" indication.
Temperature and health are normally sent to a remote operator interface using various digital transmission protocols. A simple way to display the temperature and health data simultaneously on an operator interface is by displaying the temperature on a green, yellow or red background. LED's on the front of the signal conditioner provide local health indication along with the local temperature readout.
The breakpoints for Green/Yellow/Red conditions can be chosen for any specific application depending on the degree of variation the user would like to allow. But of course there is a trade off of sensor life with the tightness of the tolerances. Once the tolerances bands are defined, the Green condition indicates the temperature reported is reliable within the prescribed tolerances of true and the same as if it were measured the day the SVS probe was calibrated. A Yellow condition is a cautionary condition indicating that the SVS probe is still reporting a temperature within the prescribed tolerances but something inside the sensor is showing sufficient signs of impairment to be concerned. The system should be investigated for possible connection problems or electrical interference and finding none, it is time to begin planning to replace the sensor probe. A Red condition indicates that the SVS transmitter no longer has enough good data to validate the temperature within the prescribed tolerances. It is now functioning like a typical thermocouple or RTD. The sensor might still be giving a temperature indication but the measurement cannot be validated. In summary: Green = Healthy -NIST Traceable Temperature Yellow = Caution -NIST Traceable Temperature, but signs of impairment have been detected. Red = Warning -Temperature reported cannot be validated.
This information is obviously very useful for predictive maintenance of sensor probes.
COMPARISON DATA
Three models of SVS sensor probes are currently available that measure and validate temperatures between -200C and 1750C. Figure 5 . illustrates performance of an SVS2311 sensor probe (recommended range of operation 0C to 1250C) in an accelerated stress test vs. 3 Type K sensors which are recommended for the same temperature range.
Figure 5. SVS Sensor Comparison Data
Test conditions were 1200C, in air, controlled by a NIST traceable Type S reference. The test samples were all ¼" OD in Inconel 600 sheaths. Three Type K Special Limits thermocouples from 3 different manufacturers and an AccuTru SVS 2311 probe were used in the test. The test protocol stated that two consecutive daily readings outside of standard limits of error are grounds for rejection of the Type Ks. The SVS measurement was to be rejected when a Yellow Condition (the onset of de-calibration) was detected. The results from this test show that the SVS sensor indeed warned in advance (yellow condition) before deviating and actually exceeded the life of the conventional Type K sensors in the test. Furthermore, the SVS reported temperature was within +/-1.5C for the life of the sensor at 1200 C. This is remarkable performance for a metal sheathed sensor at these conditions.
SUMMARY AND CONCLUSIONS
A new class of sensors that can be dynamically validated while in service and can warn in advance of their own de-calibration or impairment has been developed. The implications of this technology for process operators are significant. As this field expands to encompass many types of sensors, process operators of the future will not have to accept the measurement uncertainties of the past and will be positioned to achieve another significant step forward in process optimization. 
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